Vibrational relaxation cross sections and rate constants of HF(vϭ1) by Ar are calculated on a recent semiempirical potential energy surface ͑PES͒ ͓J. Chem. Phys. 111, 2470 ͑1999͔͒ using the quantum-mechanical coupled states approach. Accurate theoretical estimations of rate coefficients for vibrational relaxation of HF(vϭ1) at temperatures between 100 and 350 K are obtained. The vibrational relaxation is shown to be of a quasiresonant character and occur mostly to two nearest rotational levels of the ground vibrational state. The weak isotope effect after substitution of HF by DF is investigated and explained. The cross sections for vibrational relaxation of HF (v, jϭ0), where vϭ1,2,3,4, are calculated and shown to increase significantly as v increases. In the same calculations we observe a dramatic increase of multiple quantum vibrational transitions as the difference between the initial and final states falls in close resonance with the collision energy. A comparison of the cross sections obtained from the coupled states calculations with those performed with rotational infinite-order-sudden approximation proves a crucial role of molecular rotations for vibrational relaxation. Finally, we describe the close coupling coupled states calculations for relaxation and rotational excitation of HF(vϭ1, jϭ0) with a reduced number of open channels in the basis set and show that it is possible to obtain converged results for rotationally inelastic transitions between the various levels of vϭ1 neglecting all states below vϭ1, jϭ0.
I. INTRODUCTION
The interest in the mechanism of vibrational relaxation ͑VR͒ of hydrogen halides ͑HX͒ is mainly concerned with the participation of vibrationally excited HX molecules in laser systems and chemical reactions with nonstatistical energy partitioning between various degrees of freedom as well as possible formation of inverse rotational population of HX molecules as a result of vibration-to-rotation energy conversion.
1-3 VR of HX molecules in collisions with rare gases ͑Rg͒ has also attracted much attention because of experiments on the relaxation in inert matrices. Many gasphase experiments involving HX molecules use Rg as carrier gases and it is necessary to know the effect of the carrier gas in order to interpret the experimental results. 3, 4 A recent interest in VR in atom-diatom collisions, in general, and the RgϩHX collisions, in particular, has been stimulated by observation of quasiresonant vibration-rotation energy transfer. 5, 6 For these reasons, VR of hydrogen halides, and HF in particular, has been a subject of many experimental studies [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] whose results are collected and reviewed in a comprehensive work by Leone. 20 VR of HF molecules by Rg is very slow. That is why most experimental studies focus mainly on high temperature regimes. Bott and Cohen [11] [12] [13] have measured the temperature dependence of the relaxation times of HF(vϭ1) and DF(vϭ1) by Ar and He in the interval 1350-4000 K by monitoring infrared emission in shock tubes. An interesting result of their study was that the relaxation times for DF were almost the same as those for HF and the difference between the results for HF and DF was within the experimental uncertainty. Blair et al. 14 used the shock tube-laser induced fluorescence method, to study VR of HF by Ar at temperatures 800-2400 K. In general, their data were in an agreement with those by Bott and Cohen although they found that the relaxation times of HF by Ar were so small that low amounts of impurities influence them significantly even at as high a temperature as 1000 K. The measurements of VR in HX by Rg at lower temperatures [7] [8] [9] [10] can, therefore, be considered only as upper limits of the true values. Smith and Wrigley 15, 16 used a time resolved vibrational chemiluminescence method to measure the relaxation of HF(vϭ2, 3, 5) by various agents including Ar. They found that the relaxation rate increases significantly with v and the rate constant can be scaled to a good approximation as v n where n ranges between 2.0 and 3.8 depending on the deactivating agent. Several experimental studies of vibrationally elastic rotational relaxation in HF by Rg 3, 21, 22 have been performed in order to elucidate the detailed collisional energy transfer processes. BelBruno et al. 21 used the measurements of the argon-broadened HF linewidths to obtain state-to-state rotation relaxation rate constants. Taatjes and Leone 3 reported a study of HF(vϭ0, jϭ13) relaxation by various Rg atoms. Recently, Chapman et al. 22 conducted measurements of state-to-state rotationally inelastic cross sections at three collision energies. To summarize, the experimental findings were that ͑1͒ VR of HX ͑HF͒ by Rg ͑Ar͒ is very slow, ͑2͒ there is no or only a small isotope effect when HF is replaced by DF, ͑3͒ the VR rate increases rapidly with initial vibrational excitation, ͑4͒ low-temperature experimental data on VR are unreliable although there are some accurate measurements of vibrationally elastic rotational relaxation.
These interesting features attracted the attention of theoreticians. However, most theoretical studies of VR in HX molecules are of model character and involve many approximations. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Moore 23 suggested a model assuming that most of the vibrational energy of the diatomic was converted to rotational energy after a collision with Rg. This provided an explanation of the small isotope effect observed in experiments. A more accurate breathing sphereseffective mass model was subsequently proposed by Nikitin. 24 According to this model the vibrational transition is determined by the relative velocity component directed along the gradient of the PES for interaction of Rg with HX. Within a free rotating model [25] [26] [27] [28] it was assumed that rotational transitions in a free rotating diatom are induced by a time-dependent interaction with the collider. The advantage of the model studies was that they provided analytical expressions for VR rate constants. Thompson 29, 30 performed quasiclassical trajectory ͑QCT͒ calculations of VR in HF and HCl by Ar. For the case of HF his results showed that the rotational energy transfer is almost independent of the vibrational excitation, whereas the vibrational transitions are significantly enhanced by increasing rotational energy. He also argued that both the rotational and vibrational energy of HF for the v and j quantum numbers considered are predominantly converted into translational energy of the fragments. This suggestion is in apparent contradiction to the results of preceding experimental and theoretical studies as well as his QCT calculations of VR in ArϩHCl collisions. Sewell et al. performed a combined classical trajectory-quantum scattering analysis of VR of HCl by Ar. 35 It was shown in their work that the effective mass approach to VR can give a reasonable description of vibrational transitions in HCl. The main deductions that can be made from the model and QCT studies of VR are the following: ͑1͒ the temperature dependences of the VR rate constants obey the Landau-Teller law (ϳexp͓Ϫa/T 3 ͔) to a very good approximation, ͑2͒ the VR rates are very sensitive to the intermolecular Rg-HX potential, ͑3͒ the rotations of the diatom play a crucial role in the VR process, ͑4͒ rotational excitation enhances VR, ͑5͒ cross sections for VR are reasonably well described by an exponential energy gap law. These features make the accurate study of VR in HX molecules computationally difficult and the only fully quantum mechanical studies of VR in the HX ϩRg systems have been those by Gianturco et al. [31] [32] [33] and Bienieck. 34 These works are based on either breathing sphere or infinite-order-sudden approximations of the molecular rotation.
Another obstacle for theoretical studies of VR in the Rg ϩHX systems beyond the computational difficulty has been the lack of reliable three-dimensional interaction potential energy surface ͑PES͒. In the previous works the PES' for interaction of Rg with HX were either approximated by a pairwise additive function 29 or by an analytical fit of the ab initio data in a limited region of the coordinate space. 24, 28, 32 However, implementation of an accurate PES seems to be a necessary condition for a quantitative description and qualitative understanding of the VR process. As follows from the numerous microwave and infrared spectroscopic studies of the RgHX van der Waals complexes ͑see, e.g., Refs. 36 for ArHF͒, their PES' themselves exhibit quite interesting behavior. First, they are extremely anisotropic having two minima in the collinear configurations. Second, the interaction strength increases with the elongation of HX bond, or, equivalently, with increasing vibrational excitation of the diatomic fragment. Spectroscopic and other experimental data were used by Hutson for construction of accurate semiempirical PES' including the H6͑4,3,2͒ potential for ArHF. 37 Unfortunately, these PES' do not depend on HX bondlength r explicitly, being parameterized by vibrational quantum number v, and can not be used, without additional approximations, in the accurate dynamical calculations of the VR dynamics. Nor have the numerous ab initio calculations, which showed impressive agreement with the semiempirical approach, 38 so far provided a global PES suitable for these purpose. However, Grigorenko et al. 39 suggested a simple diatomics-in-molecule ͑DIM͒ model for the ArHF PES. Being refined to fit the spectroscopic data, 40 this potential has been shown to provide very reasonable description of the vibrational predissociation of the ArHF complex 40, 41 -a rupture of a van der Waals bond due to the vibrational energy transfer from the excited diatomic fragment, a process which can be considered as a ''half-collision'' analog of the VR process. Vibrational predissociation dynamics is more sensitive to the topology of the PES than the collision dynamics which is primarily related to the repulsive part of the interaction and subjected to averaging over the mutual orientations of the fragments and the total angular momentum to a greater extent. Previous experience 42 leads us to expect that the DIM potential from Ref. 40 will provide a reliable description of the ArϩHF vibrational relaxation. Another advantage of implementing this PES is the possibility of direct comparison of the qualitative features of full-and halfcollision vibrational energy transfer.
The main goal of the present paper is to improve our understanding of the VR mechanism in the ArϩHF collisions. For this purpose we use the most suitable quantummechanical method-a close coupling coupled states ͑CC-CS͒ approach [43] [44] [45] [46] [47] [48] -for the dynamical calculations on the DIM PES. 40 Treating both rotational and vibrational degrees of freedom of the diatom accurately we examine the qualitative peculiarities of the VR observed in the high-temperature experiments [11] [12] [13] [14] [15] [16] [17] [18] [19] and use the low-temperature experimental data on vibrational 7, 9 and rotational 3 relaxation of HF by Ar to test our approach. In order to investigate the role of molecular rotations in VR we perform cross section calculations with an infinite-order-sudden approximation for rotations of the diatom. Extending our CC-CS calculations to as high energies as possible we investigate the one and multiple quantum VR from the excited vibrational levels of HF. Finally, we perform some additional quantum-mechanical calculations on an approximate pairwise PES in order to study the dependence of the results upon the interaction potential.
The following notation is used for quantum numbers in the present paper: J denotes the total angular momentum for the collision, while j is the rotational angular momentum of the diatom. Ĵ z and ĵ z are the operators that give the z component of Ĵ and ĵ, respectively, and ⍀ denotes the projection of the total angular momentum on the body-fixed quantization axis. The notation v is used to denote the vibrational states of the diatom. The hat over a symbol denotes the corresponding operator. Conventional Jacobi coordinates are used to describe the internal dynamics of the triatomic system as shown in Fig. 1 . The remainder of the paper is organized as follows. In Sec. II we describe the dynamical methods that we use for the scattering calculations. Section III presents the results and their discussion while the conclusions are summarized in Sec. IV.
II. SCATTERING CALCULATIONS
In our work we implement ͑in atomic units͒ the approach developed by McGuire and Kouri 43 and used by many authors to describe the dynamics of the ro-vibrational energy transfer in atom-diatom collisions. [44] [45] [46] 48 In brief, the coupled states approximation ͑CSA͒ is applied in a bodyfixed coordinate system with the quantization axis coinciding with the line between the centers of mass of the colliding particles R. The centrifugal term in the total Hamiltonian of the triatomic system is approximated as 43, 46 
In this expression the terms responsible for the coupling between states with different ⍀ values are omitted. The partial wave functions (⌿ J⍀ ) are expanded in terms of products of translational (F v j J⍀ ), vibrational ( v j ) and rotational (Y j⍀ ) functions as follows:
Substitution of expansion ͑2͒ into the stationary Schrödinger equation results in a system of close coupling coupled states ͑CC-CS͒ equations to be solved for fixed values of J and ⍀
Here is the reduced mass of the colliding particles, k v j ϭͱ2(EϪ⑀ v j ), E is the total energy and ⑀ v j is the energy of the ro-vibrational channel ͉v j͘. We will omit ⍀ notation from the designation of the diatomic states where it is not necessary. In order to evaluate the matrix elements ͗v j⍀͉V(r,R,⌰)͉vЈ jЈ⍀͘ the interaction potential is conventionally expanded in Legendre polynomials as
and the integrals over the angular part are taken analytically. 49 The asymptotic solution of Eq. ͑3͒ yields the scattering S-matrix that is used for calculation of the total cross sections for inelastic ro-vibrational transitions according to the expression
(E) over a Maxwell-Boltzmann distribution of energies and summation over all helicities ⍀ gives state-resolved rate constants (k v j→v Ј j Ј ) which are summed over all final rotational states and averaged over all initial rotational states with Boltzmann weighting factors. The obtained quantity (k v→v Ј ) corresponds to the experimentally observed rate constant.
Apart from the CSA ͓Eq. ͑1͔͒ we make no other approximations, i.e., the vibrational wave functions v j and the corresponding ro-vibrational energy levels of the diatomic molecule are determined numerically by solving the equation
where HF denotes the reduced mass of the diatomic and the spectroscopic potential V HF (r) has been taken from Ref. 50 in the form of an extended Rydberg function. In order to investigate the role of molecular rotations in VR we, following the works of Banks and Clary 46 and Tanner and Maricq, 48 perform the calculations using the close coupling method for the vibrational degree of freedom and the infinite-order-sudden approximation for rotations of the diatom ͑CC-IOSA͒. In the CC-IOSA the energy sudden approximation is made to the centrifugal term in the total Hamiltonian
Here  denotes an effective j value often chosen to be equal to zero. 45, 46, 48 The total Hamiltonian of the triatomic system depends on the Jacobi angle ⌰ only parametrically through the intermolecular interaction potential and the partial wave expansion now becomes
This leads to the following CC-IOSA equations to be solved with fixed values of J and ⌰:
The solution of these equations gives an angle dependent
) from which the CC-IOSA cross sections can be computed as
Three-dimensional DIM PES for the interaction of HF with Ar is described in Refs. 39 and 40. In order to test the sensitivity of the dynamical results to the interaction potential we perform selected calculations on an approximate PES that is a sum of two pairwise ArH and ArF terms each fitted to ab inito second-order Møller-Plesset ͑MP2͒ calculations by a modified Buckingham function. 51 This PES will be denoted hereafter as pairwise additive Bunkingham ͑PAB͒ PES.
All dynamical calculations presented below are performed using a newly developed program for exact and approximate quantum-mechanical calculations of cross sections for ro-vibrational energy transfer in atom-diatomic molecule collisions. The performance of the code has been checked against a large number of inelastic scattering data available in the literature as well as against selected calculations with the MOLSCAT 52 program. Several methods of propagation of the close coupling equations are employed in the program. More details about our program can be found on the web 53 or requested from the corresponding author.
III. RESULTS
An examination of Fig. 2͑a͒ depicting the ro-vibrational energy diagram of the HF molecule shows that there are 14 rotational levels ͉vϭ0, j͘ below the first vibrational energy threshold and the state ͉vϭ0, jϭ13͘ is in approximate resonance with the state ͉vϭ1, jϭ0͘. This diagram as well as the previous theoretical studies suggest that there should be a strong interplay between rotational and vibrational motion of the diatom in the course of an ArϩHF collision.
To obtain cross sections for ͉v j͘→͉vЈ jЈ͘ transitions the CC-CS calculations are performed for jϩ1 helicities ⍀ ϭ0,1, . . . , j. A 1% cross-section convergence with respect to the number of partial waves and the basis set size is checked and ensured. We find that at least two closed vibrational states should be included in the basis set to have the vibrationally inelastic cross sections fully converged. To obtain the total rate constant for relaxation of the vϭ1 state at T ϭ350 K cross section calculations are performed for 10 initial j values in the energy interval 5-4000 cm Ϫ1 . Although many early studies of the validity of the CS approximation for the atom-diatomic molecule scattering calculations ͑see, e.g., Refs. 43 and 54͒ involved systems with low anisotropy of interaction, recent calculations for the collisions of He with CO and the collisions of Ar and He with OH [55] [56] [57] -systems possessing high anisotropy of interaction-showed a good agreement of the CS results with both more accurate coupled channel calculations and experimental data where available. In the case of ArϩHF collisions the CS approximation was investigated by Barrett and co-workers 58 who performed a semiclassical study of rotationally inelastic scattering on the H6 PES 37 which is similar to the PES we use in the present work. The authors 58 found that the CSA results agreed very well with their full To study the dependence of the dynamical results upon the intermolecular interaction potential we complement selected calculations of the vibrationally elastic and inelastic cross sections on the DIM PES with those performed on the PAB PES. The radial ͑R͒ dependence of the two PES' at large intermolecular separation is qualitatively the same in the collinear and T-shaped configurations ͑Table I͒. The angular (⌰) dependence is, however, different. In agreement with experimental and ab initio data on the ArHF van der Waals complex, [36] [37] [38] DIM PES has two minima in the collinear configurations ⌰ϭ0 and 180°, whereas there is only one minimum on the PAB PES at ⌰ϭ0. At short intermolecular distances the PAB PES overestimates the DIM interaction strength by a factor 3.5-3.7 in the collinear Ar-HF configuration (⌰ϭ0°) and underestimates the interaction steepness by 1.5 times in the collinear Ar-FH configuration (⌰ϭ180°). In the T-shaped configuration (⌰ϭ90°) both PES are similar differing by a factor 1.1-1.2. The DIM PES shows stronger dependence on the HF interatomic distance r than the PAB PES. At large r values (Ͼ4.5 Å͒ the interaction energy on the DIM PES is 1.5-2 times greater than that on the PAB PES and the difference becomes greater as r increases. The different short range behavior and ⌰-dependence of the DIM and PAB PES' lead to significantly different Legendre expansions ͑4͒ of the PES'. The DIM PES is more anisotropic than the PAB one. At least 25 terms in Legendre expansion ͑4͒ of the DIM PES are necessary to obtain the fully converged cross sections for vibrationally inelastic transitions whereas it is sufficient to retain 20 terms in the expansion ͑4͒ of the PAB PES. The first terms of the PAB PES expansion differ from the corresponding terms of the DIM PES expansion by more than an order of magnitude. The DIM PES is used for most calculations, while the PAB PES is implemented mainly for the purpose of comparative analysis of the most interesting features of the dynamics. In the discussion below, theoretical results correspond to the calculations with the DIM PES unless stated otherwise.
We start by performing calculations of the rate constant for rotational relaxation of HF(vϭ0, jϭ13) by Ar ͑Table II͒ that has been measured accurately by Taatjes and Leone. 3 The difference between the measured and calculated values is within the variations of the PES' which reflects their distinct anisotropy. It may be interesting to note that similar calculations of the relaxation rate constant in HF(vϭ0, j ϭ13)ϩNe underestimate the experimental result by a factor of 3. 47 Table III collects room temperature rate constants for VR of various ͉vϭ1, j͘ states summed over jЈ. The relaxation rate increases rapidly with initial rotational excitation. The rate constant for VR from ͉vϭ1, jϭ8͘ is almost two orders of magnitude larger than that for VR of ͉vϭ1, j ϭ0͘. The total rate constant for relaxation of ͉vϭ1͘ in the temperature interval 100-350 K is presented in Table IV . The results agree well with experimental data given that the latter can be considered only as upper bounds of the true values. The rate constant decreases by almost two orders of magnitude as the temperature falls from 350 to 100 K. This is partially due to the rapid decrease of the relaxation rate as the initial rotational distribution gets colder. Figure 3 depicts logarithmic plots of state-resolved cross sections for one-quantum relaxation of the vibrational levels with initial vϭ1,2,3, and 4 vs the final j values. Interestingly, all curves have similar shape showing resonant peaks around jϭ12,13 for the relaxation from higher v states. The cross sections for VR of ͉vϭ4͘ are almost two orders of magnitude larger than those for VR of ͉vϭ1͘. That can not be explained simply by the anharmonicity of the potential well of HF. The difference between the ͉ jϭ0͘ states of ͉vϭ4͘ and ͉vϭ3͘ is only a factor 1.7 less than that between ͉v ϭ1͘ and ͉vϭ0͘. The distance between the curves for the relaxation of different v states to ͉vϪ1͘ is approximately the same decreasing slightly as v goes up and the total VR cross sections scale approximately as v 3.44 . This is in accord with the experimental observation 4, 13, 15 that the rate constant for one-quantum VR scales as v n where v is the number of the initial vibrational state and n is a constant ranging from 2.0 to 3.8 depending on the bath gas. Figure 4 higher energies the plots show some structure with additional peaks at jϭ6 -8 and jϭ16. These may be explained by the competition of the energy gap law with the coupling due to the interaction of HF with Ar. At low energies the energetic factor prevails and none of the states except jϭ13 and j ϭ14 are accessible. But even at higher energies where the resonance peaks are not so pronounced the population of the jϭ13 and jϭ14 levels dominates. This peculiarity of VR in HF is solely due to the high anisotropy of interaction with Ar. Table VI where the state-resolved rate constants obtained for Tϭ300 K on two PES' are presented. The rate constants for ͉vϭ1, jϭ0͘→͉vϭ0, jϭ13͘ and ͉vϭ0, jϭ14͘ transitions constitute the dominant part of the total j-summed rate constant being more than an order of magnitude larger than the transitions to all other j levels. Table VI shows that the rate constants for VR of HF (k vϭ1, jϭ0→vϭ0, j ) calculated on the PAB PES underestimate the values obtained with the DIM PES for low final j values by several orders of magnitude and approach the latter for high j's. This is the consequence of two factors. First, the FIG. 6 . Cross sections for ͉vϭ1, jϭ0͘→͉vϭ0, j͘ transitions in ArϩHF at the collision energies 300 cm Ϫ1 ͑a͒, 834 cm Ϫ1 ͑b͒, 3000 cm Ϫ1 ͑c͒, and 4000 cm Ϫ1 ͑d͒. 
VR of HF(vϭ1) is very slow to low rotational levels of ͉vϭ0͘ and the rate constants should be very sensitive to the interaction potential. Second, the transitions to high rotational levels (ϳ13) of ͉vϭ0͘ are determined by high-order terms in Legendre expansion ͑4͒ of the interaction potential which have significantly lower magnitude than the first terms. Thus, one should expect a weaker dependence of the ͉ jϭ0͘→͉ jϭ13͘ transitions upon the variations of the PES than in the case of ͉ jϭ0͘→͉ jϳ0͘ transitions. As a results, since the VR of HF is of a quasiresonant character with transitions to high j levels dominating, even strong variations of the PES do not dramatically change the total VR rates providing the PES remains highly anisotropic. As follows from Fig. 2͑b͒ there are 16 rotational levels below the first vibrational level in DF and the state ͉vϭ1, j ϭ0͘ is in close resonance with the states ͉ jϭ15͘ and ͉ jϭ16͘ of ͉vϭ0͘. At the same time the interaction potential of DF with Ar is significantly less anisotropic than in the case of HFϩAr. The calculations ͑Fig. 7͒ prove that VR in DF has a similar resonant character to that in HF and the state ͉vϭ1, jϭ0͘ of DF relaxes mostly to the levels ͉ jϭ15͘ and ͉ jϭ16͘ of ͉vϭ0͘, although the resonance is less pronounced and there is more structure in the final j dependence of cross sections for VR of DF(vϭ1, jϭ0) than for VR of HF(vϭ1, jϭ0) ͓cf. Figs. 7 and 6͑b͔͒. Thus, on one hand, the VR rate is suppressed by a decreased anisotropy of the interaction potential but, on the other hand, it is enhanced by the defect of the resonance. Moreover, the initial rotational distribution of DF is broader than that of HF due to a denser spacing of rotational states and one needs to include more cross sections ͑with the appropriate Boltzmann weighting factors͒ in order to obtain the converged total VR rates. We tried to evaluate the influence of each of these three factors whose counterplay results in a small isotope HF/DF effect. The lowering of interaction anisotropy decreases the cross sections by a factor 7.0-7.5. The defect of the resonance plays a minor role and increases the VR cross sections by a factor 1.25 at the collision energy 300 cm Ϫ1 .
The broadening of the initial Boltzmann j distribution increases the relaxation rate by about 3.6 times at Tϭ300 K. It is clear that the suppressing effect due to lowering of the interaction anisotropy is the same at all collision energies while the defect of the resonance and the effect of the initial rotational distribution broadening will increase with collision energy and the temperature of the bath gas, correspondingly. So it may be expected that at low temperatures the VR of DF will be smaller than that of HF by at most a factor 2-2.5 and approach ͑and possibly exceed͒ the VR of HF at higher temperatures as is observed in the shock tube experiments.
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Following the works of Banks and Clary 46 and Tanner and Maricq 48 we perform the CC-IOSA calculations of the cross sections for VR in the HFϩAr collisions in order to illustrate the role of molecular rotations in the VR process. Figure 8 depicts the energy dependencies of the cross sections for ͉vϭ1͘→͉vϭ0͘ transitions in HF obtained with the CC-IOSA method (ϭ0) and from the CS calculations for jϭ0. One can see that the IOSA fails dramatically due to the peculiar resonant character of the VR process which can not be reproduced within the IOS approximation for rotational degrees of freedom. Since the CC-IOSA calculations are performed at a number of fixed collision angles ⌰ the most straightforward way to improve the CC-IOSA results may be to introduce the effective mass for the collision that would account for the internal ro-vibrational energy redistribution in the course of a collision. 24, 35 To check this we introduce the effective *ϭ/͓1ϩ/ HF sin 2 (⌰)͔ rather than reduced mass in the CC-IOSA. The results of the Effective mass-IOSA calculations shown in Fig. 8 are much closer to the CC-CSA values and their energy dependence is qualitatively the same as of the CC-CSA cross sections. One may hope 35 that by choosing the effective mass in a more appropriate way it is possible to obtain even quantitative agreement with the more accurate CC-CSA data.
In several works the assumption has been made that two- and multiple quantum vibrational transitions contribute negligibly to the total VR rate. We find, however, that when the difference between two ro-vibrational levels of HF is in close resonance with the collision energy the cross sections for multiple quantum vibrational transitions may be large. Figure 9 illustrates this effect at the collision energy 1300 cm Ϫ1 . The energy gap between the states ͉vϭ4, jϭ0͘ and ͉v ϭ0, jϭ27͘ is ϳ1300 cm Ϫ1 and it is possible to see the dramatic magnitude of the cross section for this transition in comparison with the transitions to all other levels of the ͉v ϭ0͘ manifold. This suggest that although in general the twoand multiple quantum transitions are several orders of magnitude lower than the one-quantum transitions there may be resonance effects that make the former too fast to be neglected.
The results of Fig. 6 and Table VI as well as the quasiresonant character of VR suggest that the low rotational states of ͉vϭ0͘ should be insignificant in the VR process. To investigate this we perform the CC-CS calculations with different number of ͉vϭ0, j͘ states in the basis set ͑Table VII͒. The results show that even low-energy rotational channels of ͉vϭ0͘ play a crucial role in VR of ͉vϭ1͘. At the same time the rotational states of ͉vϭ0͘ appear to be insignificant for rotationally inelastic transitions between the states of ͉vϭ1͘ and all states below ͉vϭ1, jϭ0͘ may be neglected if one is interested in vibrationally elastic (vϭ1) rotational transitions. Thus, the ro-vibrational coupling is important for vibrationally inelastic transitions but plays no role for vibrationally elastic ones.
It is of interest to note that collisional VR and vibrational predissociation of the ArHF complex exhibit many common features. The latter was also found to be of resonant character with a strong propensity for populating the highest accessible rotational level of the HF product. 40 The rate of predissociation, which proceeds through the transfer of one vibrational quantum, scales with v as strongly as v 5 and almost no isotope effect was observed for an ArDF complex for vϭ1. 41 It would be interesting to study such a correspondence in more detail.
IV. SUMMARY
The main results of the present work can be summarized as following:
͑1͒ Accurate close coupling coupled states calculations of the rate constants for rotational relaxation of HF(v ϭ0, jϭ13) and vibrational relaxation of HF(vϭ1) by Ar are performed for the first time due to availability of a new three-dimensional PES for ArϩHF interaction; ͑2͒ the mechanism of vibrational relaxation of HF(vϭ1) is investigated and it is shown that VR is of a quasiresonant character and occurs mostly to two nearest rotational levels of ͉vϭ0͘. This mechanism dominates even at high-collision energies although the resonance peaks are broader and less pronounced than these at small collision energies. The quasiresonant nature of VR is due to large anisotropy of the ArϩHF interaction; ͑3͒ the experimentally observed small HF/DF isotope effect is explained by a counterplay of three factors. Lowering of the interaction anisotropy for DFϩAr decreases the VR rate by about 7-7.5 times while the broadening of the initial rotational distribution of DF in comparison with HF and the defect of the resonance increase the VR rate by a factor 3.5-4 at Tϭ300 K. The effect of the initial distribution broadening is expected to increase with temperature and it may lead to a complete disappearance of the isotope effect at higher temperatures; ͑4͒ the cross sections for one quantum relaxation of vibra- from higher vibrational levels show similar quasiresonant behavior with high rotational levels of vϪ1 mostly populated after a collision. The significant increase of the VR rates with vibrational excitation can be explained by the great increase of the interaction strength with HF bond length elongation; ͑5͒ the multiple quantum vibrational relaxation is found to be negligibly small in general, although the transition cross sections may increase dramatically when the difference between the initial and final states is in close resonance with collision energy; ͑6͒ the crucial role of molecular rotations in the VR process is confirmed by comparison of cross sections from the coupled states calculations and those performed with the infinite-order-sudden approximation for rotational degrees of freedom. It is shown that the CC-IOSA results may be improved by incorporating an effective angle dependent mass that would account for the internal energy redistribution in the diatomic; ͑7͒ the sensitivity of the VR rates to the interaction PES is discussed and it is shown that strong variations of the PES result in relatively small changes of the total VR rate constants which is a consequence of the quasiresonant character of VR with high rotational levels contributing predominantly to the final population distribution; ͑8͒ the role of low energy rotational states of ͉vϭ0͘ in VR is investigated and it is shown that the ro-vibrational coupling is crucial for vibrationally inelastic transitions but it plays no role for vibrationally elastic ones. This suggests that it is possible to perform the close coupling calculations of vibrationally elastic rotational transitions considering only the states of the given v level.
